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Introduction
Parkinson’s disease (PD) is a highly heterogene-
ous neurodegenerative disorder with variable 
clinical features. This heterogeneity has prompted 
numerous classifications to delineate PD sub-
types.1 Although none of the proposed subtypes 
are robust enough to warrant formal delineation,1 
some suggest that young-onset and late-onset 
classification are acceptable in clinical practice.2

Patients of young-onset Parkinson’s disease 
(YOPD) are more likely to have less severe initial 
motor symptoms, superior levodopa responsive-
ness,3 and relatively slower progression,3 but a 
great desire for life quality improvement.4 In 
advanced stages, YOPD patients are less likely to 
have gait disorders,5 but have a greater tendency 

to develop motor complications.6 Moreover, 
YOPD patients suffer more from psychiatric 
symptoms, such as depression, anxiety, and visual 
hallucinations, but progress slower in cognitive 
dysfunction when compared with patients of late-
onset Parkinson’s disease (LOPD).7,8

The above-mentioned clinical features of YOPD 
patients may suggest an etiologically different 
phenotype from LOPD. However, the underly-
ing pathophysiological mechanisms remain 
unclear. As 18F-fluorodeoxyglucose (18F-FDG) is 
sensitive to regional metabolic changes, it can 
serve as an useful tool for the better understand-
ing of molecular and synaptic activities in living 
human brains.9 In combination with 11C-N-2-
carbomethoxy-3-(4-fluorophenyl)-tropane 
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(11C-CFT) positron emission tomography (PET) 
imaging, we aimed to explore the metabolic 
changes in cerebral regions and dopaminergic 
deficits in striatum in YOPD. This dual-tracer 
(18F-FDG and 11C-CFT) PET imaging study 
might be helpful to gain further insights into the 
underlying mechanisms in YOPD and its related 
clinical manifestations.

Methods

Participants
As we previously reported, between January 2010 
and June 2014, 103 clinically diagnosed PD 
patients were consecutively recruited in this dual-
tracer PET imaging study (DTPD Study) after 
signing an informed consent form in accordance 
with the Declaration of Helsinki.10 The diagnosis 
of PD was established by clinical examinations by 
two specialists of movement disorders according 
to the UK Brain Bank criteria.11 In the current 
study, and in accordance with our previous study 
and previous reports,12,13 we define YOPD as 
patients with an age of onset of less than 50 years 
old.14 Therefore, this cohort was divided into 42 
YOPD and 61 LOPD patients.

In addition, 103 healthy controls (42 participants 
younger than 50 years and 61 participants older 
than 50 years) were recruited for 18F-FDG PET 
imaging; 43 of these independent healthy controls 
(13 participants younger than 50 years and 30 
participants older than 50 years) were recruited 
for 11C-CFT PET imaging. The study (approval 
number KY2016-214) was approved by the 
Human Studies Institutional Review Board, 
Huashan Hospital affiliated to Fudan University.

Clinical examinations
All patients were off anti-Parkinsonian medications 
for at least 12 h prior to clinical assessment and PET 
scans. Consecutive full neurological examination 
was performed to obtain a thorough assessment of 
patients’ clinical data. “Off” state Hoehn and Yahr 
(H&Y) score and Unified Parkinson’s Disease rat-
ing scale (UPDRS)15 motor score were evaluated. 
Medication history was documented and further 
converted to standard levodopa equivalent daily 
dosage (LEDD) for statistical analysis. After the 
clinical assessment, all subjects were scanned with 
11C-CFT PET, and scanned again with 18F-FDG 
PET at the same time on the following day.

Cognition assessment
In a subsection of our study, 62 patients had cog-
nition tests results. The global cognitive function 
was assessed using the Mini Mental State 
Examination (MMSE). The different cognitive 
domains, including attention, executive function, 
memory, visuospatial function, and language, 
were evaluated as suggested by Movement 
Disorders Society.16 In detail, the cognition tests 
performed in our study included Trail Making 
Test part A (TMT-A),17 Symbol Digital 
Modalities Test (SDMT),18 Stroop Color-Word 
Test part C (CWT-C),19 Trail Making Test part 
B (TMT-B),17 Rey Auditory Verbal Learning 
Test (AVLT),20 delayed recall of the Rey-
Osterrieth Complex Figure Test (CFT),21 Clock 
Drawing Test (CDT), Rey-Osterrieth Complex 
Figure Copy Test (CFT),21 Boston Naming Test 
(BNT), and Verbal Fluency Test (VFT).22

PET imaging and processing
PET scanning was performed with a Siemens 
Biography 64 PET/CT (Siemens, Munich, 
Germany) in three-dimensional (3D) mode.14,23 
Resting state brain scans were acquired with the 
subjects remaining in a quiet and dimly lit room. 
A CT transmission scan was performed first for 
photon attenuation correction.

The 11C-CFT imaging process and data acquisi-
tion were performed as described previously.14 
In short, 11C-CFT images were acquired 60–
80 min after intravenous injection of 11C-CFT 
(350–400 MBq) and reconstructed with the 
ordered subset expectation maximization 
(OSEM) method. Prior to the 18F-FDG PET 
imaging, all subjects were asked to remain a fast-
ing state for at least 6 h. The emission scan, last-
ing for 10 min, was acquired 45 min after 
intravenous injection of 18F-FDG (150-200 
MBq) and reconstructed with the OSEM 
method. 18F-FDG images were used as relative 
measures of regional glucose metabolism. Scans 
from each subject were spatially normalized and 
smoothed (Gaussian filter of 10 mm full width at 
half maximum) as described previously.24

Data analysis
Both 11C-CFT and 18F-FDG PET data were ana-
lyzed using Statistical Parametric Mapping 
(SPM5) software (Wellcome Department of 
Imaging Neuroscience, Institute of Neurology, 
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London, UK) implemented in Matlab 7.4.0 
(Mathworks, Sherborn, MA, USA).

In 11C-CFT PET imaging analysis, a template for 
spatial normalization was created using 11C-CFT 
PET and MR T1 images of 16 healthy controls as 
reported previously.25 First, 11C-CFT PET 
images were coregistered with the corresponding 
MR T1 images. Then, the spatial normalization 
parameters of each MR image in the Montreal 
Neurological Institute (MNI) space were applied 
to the coregistered 11C-CFT PET image. Finally, 
the averaged PET image was smoothed using a 
10 mm FWHM Gaussian kernel to serve as the 
template for normalization.

The 11C-CFT PET images of the PD patients 
were spatially normalized with the template and 
then smoothed. To quantify striatal 11C-CFT 
binding in individual patients, standardized 
regions of interest (ROIs) for the caudate, ante-
rior putamen, posterior putamen, and occipital 
cortex were placed on the mean image summed 
over central slices,14,26 using ScAnVp software 
version 5.9.1 (Centre for Neuroscience, Feinstein 
Institute for Medical Research, Manhasset, NY, 
USA). For each 11C-CFT PET scan, caudate and 
putamen dopamine transporter (DAT) binding 
was estimated for each hemisphere by the striatal-
to-occipital ratio (SOR), defined as (striatum-
occipital)/occipital radioactivity counts, and these 
values were averaged across hemispheres.25

In 18F-FDG PET imaging analysis, scans were 
spatially normalized into MNI brain space using 
a default PET template in SPM with linear and 
nonlinear 3D transformations. They were then 
smoothed by a Gaussian filter of 10 mm width 
over a 3D space to increase signal-to-noise ratio 
for statistical analysis. A voxel-based comparison 
using two-sample t-test according to the general 
linear model was performed. The contrasts for 
the decreased and increased metabolism were set 
as [1 −1] and [−1 1]. Mean signal differences 
over the whole brain were modeled by ANCOVA 
per subject. All the clusters that satisfied three 
criteria were presented: (1) significant with a 
voxel-wise threshold at p < 0.001 (uncorrected) 
over whole-brain regions; (2) had an extent 
threshold exceeding several times the average 
cluster size determined by the model; and (3) 
survived a Family-Wise-Error (FEW) correction 
at p < 0.05. The FWE-uncorrected clusters that 
survived only at p < 0.001 were accepted only in 

hypothesis-testing analysis basing on previous 
studies. The SPM maps of altered glucose 
metabolism were finally overlaid on a standard 
T1-weighted magnetic resonance imaging (MRI) 
brain template for cluster localization.

To quantify the metabolic values in specific 
regions, we constructed a 4-mm radius spherical 
volume of interest (VOI) in the image space, cen-
tered at the peak voxel of clusters (Right Caudate 
[12, 8, 8] and Right Putamen [28, −20, 14]) that 
were significant in each SPM analysis. We then 
calculated the globally adjusted relative regional 
glucose metabolism (rCMRglc) to account for this 
variable in blood samples in YOPD patients and 
LOPD patients using ScanVP software (Version 
5.9.1; Center for Neuroscience, the Feinstein 
Institute for Medical Research, Manhasset, NY, 
USA) as described previously.24 The individual 
metabolic values of each region were then expressed 
as a percentage of whole-brain metabolism (meta-
bolic value = [VOI value/whole-brain metabolism] 
× 50 × 100%).

Statistical analysis
Differences in demographic and clinical features 
of the two groups (YOPD and LOPD) were ana-
lyzed using independent two-tailed t-test, Mann-
Whitney U test, or chi-square test as appropriate. 
Dopaminergic binding of ROIs and metabolic 
values of VOIs between groups were compared 
with an independent two-tailed t-test. Correlation 
analysis between the metabolic values of VOIs 
and DAT binding values was performed using 
general linear model. All analyses were performed 
using SPSS 22.0 (SPSS Inc., Chicago, IL), and a 
two-tailed p value of less than 0.05 was consid-
ered significant.

Results

Demographic and clinical characteristics
A total of 103 patients were recruited in this 
study, with 42 in the YOPD group and 61 in the 
LOPD group. There was no significant difference 
between groups regarding gender, disease dura-
tion, H&Y stages, UPDRS III scores and LEDD 
(Table 1). The demographic and clinical infor-
mation of PD patients who performed cognitive 
tests and those without cognitive tests are shown 
in Supplementary Table S1. In brief, YOPD 
patients performed better in cognitive tests, 
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Table 1.  Demographics and clinical characteristics of YOPD and LOPD patients.

YOPD LOPD p value

Participants (Male/Female) 42 (26/16) 61 (39/22) 0.834a

Age at examination 42.6 ± 8.7 62.0 ± 6.3 p < 0.001

Age of onset 39.6 ± 8.5 59.5 ± 6.5 p < 0.001

Disease duration (month) 27.0 (12, 52) 19.5 (12, 38.3) 0.337b

Hoehn & Yahr stage 1.8 ± 0.8 1.8 ± 0.8 0.724

UPDRS III score (Off medication) 23.6 ± 12.9 21.0 ± 10.5 0.256

LEDD (mg/day) 300 (0, 500.3) 200 (0, 300) 0.291b

MMSE (n) 28.0 ± 2.5 (28) 27.8 ± 2.84 (34) 0.725

CWT-C (n) 47.6 ± 3.0 (24) 45.5 ± 6.4 (31) 0.863*

TMT-A (n) 49.0 ± 18.9 (23) 67.2 ± 30.0 (33) 0.013*

SDMT (n) 44.7 ± 13.8 (23) 31.8 ±12.7 (33) 0.001**

TMT-B (n) 131.0 ± 41.7 (23) 189.7 ± 80.6 (33) 0.001

AVLT (n) 6.3 ± 1.9 (24) 4.7 ± 2.9 (34) 0.015

DAT bindingc  

Caudate 1.3 ± 0.4 1.2 ± 0.3 0.013

Anterior Putamen 0.9 ± 0.3 0.9 ± 0.3 0.599

Posterior Putamen 0.5 ± 0.2 0.6 ± 0.2 0.761

Data are given as mean ± standard deviation, and disease duration and LEDD are given as median (interquartile range). 
The data were compared between the two groups using independent-samples t-test. p values for the comparison of 
cognitive test scores between PD and control groups. *p < 0.01 in covariance analysis adjusting for age; **p < 0.05 in 
covariance analysis adjusting for age. YOPD: Young-onset Parkinson’s disease; LOPD: Late-onset Parkinson’s disease; 
UPDRS: unified Parkinson’ Disease rating scale; LEDD: levodopa equivalent daily dosage; MMSE, Mini Mental State 
Examination; CWT-C, Stroop Color-Word Test part C; TMT, Trail Making Test; SDMT, Symbol Digit Modality Test; AVLT, 
Auditory Verbal Learning Test; DAT, dopamine transporter; PDRP, PD related pattern.
aChi-square test was performed.
bMann–Whitney U test was performed. p values for the comparison between the YOPD and LOPD groups
cLeft and right average value.

including the TMT-A and SDMT in attention 
domain, TMT-B in execution domain, and 
AVLT in memory domain (Table 1 and 
Supplementary Table S3). After adjusting the age 
effects, the CWT-C in execution domain, and 
TMT-A and SDMT in memory domain were still 
better performed in YOPD than the LOPD 
(Table 1 and Supplementary Table S3). 
Demographic information on the healthy control 
participants in 18F-FDG or 11C-CFT PET imag-
ing can be found in Supplementary Table S2.

Dopaminergic imaging difference between 
YOPD and LOPD
In the 11C-CFT PET imaging study, the DAT 
binding (ROIs) in caudate, anterior putamen and 
posterior putamen in both YOPD and LOPD 
groups decreased significantly compared with the 
age-matched healthy control groups (Figure 1a–
c). In PD patients, the DAT bindings in caudate 
were greater in the YOPD group (Figure 1a), 
while the DAT bindings in putamen of YOPD 
were quite similar to the LOPD groups (Figure 
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1b and c). These results suggested that the DAT 
bindings in caudate were relatively spared in the 
YOPD group, compared with similar lesions in 
putamen to LOPD (Figure 1).

The metabolic characteristics in YOPD
Compared with healthy controls of similar age, 
YOPD patients showed increased metabolism in 
bilateral basal ganglia, cerebellum, thalamus, and 
frontal lobes (Figure 2a and Table 2) and 
decreased metabolism in cuneus, occipital and 
temporal lobes bilaterally (Figure 2a and Table 
2). Compared with healthy controls of older age, 
the LOPD patients showed metabolism differ-
ences (Figure 2b) similar to those we found in 
YOPD patients. The regions with metabolism 
changes were similar to the regions reported in 
Parkinson’s disease related pattern (PDRP).23

In comparison with LOPD patients, YOPD 
patients showed hypermetabolism in the caudate, 
medial frontal gyrus (BA 25), and anterior cingu-
late (Figure 2c and Table 3). Moreover, the 
YOPD group exhibited decreased metabolism in 
bilateral putamen (Figure 2c and Table 3). In the 
post hoc analysis, the rCMRglc values were 
extracted from caudate (12, 8, 8) and putamen 
(28, −20, 14). The metabolic values of caudate in 
YOPD group were significantly higher than the 
LOPD group (Figure 2d), and metabolic values 
of putamen were significantly lower than the 
LOPD group (Figure 2e). Furthermore, the met-
abolic values in caudate were similar to age-
matched healthy controls, but the metabolic 

values in putamen were higher than age-matched 
healthy controls.

Correlation analysis of 18F-FDG and 11C-CFT 
PET imaging
In 11C-CFT PET imaging, DAT bindings of 
caudate were higher in YOPD than LOPD, 
although the DAT bindings of putamen were 
similar between the two groups. In 18F-FDG 
PET imaging, YOPD patients showed increased 
metabolism in the caudate and decreased 
metabolism in putamen than LOPD. In the fol-
lowing correlation study, the normalized meta-
bolic value in caudate detected in 18F-FDG 
PET imaging correlated with the DAT binding 
in caudate (Figure 2f). The correlations found 
between 18F-FDG and 11C-CFT PET imaging 
supported our findings that the caudate func-
tion was relatively preserved in YOPD patients. 
Furthermore, the dopaminergic and metabolic 
values in caudate correlated moderately with 
the scores of CWT-C and TMT-A tests 
(Supplementary Figure S1).

Discussion
In this dual-tracer PET study, we identified the 
preserved caudate function and better cognition 
in YOPD. In 11C-CFT PET scans, the YOPD 
cohort exhibited a less impaired dopaminergic 
function in caudate than putamen, compared 
with the DAT bindings of caudate and putamen 
in LOPD. In 18F-FDG PET scans, patients of 
YOPD showed increased metabolism in basal 

Figure 1.  (a) Average dopamine transporter (DAT) binding of caudate in young-onset PD (YOPD) is higher than 
late-onset PD (LOPD) (p < 0.01), and significantly lower than the age-matched healthy controls (p < 0.01). (b) 
and (c) DAT bindings of anterior putamen (b) and posterior putamen (c) in YOPD were as low as LOPD, but 
significantly lower than the age-matched healthy controls (p < 0.01). HC: healthy controls; YOHC: healthy 
controls to YOPD; LOHC: healthy controls to LOPD. **p < 0.01. n.s., nonsignificant.
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ganglia than healthy controls. Compared with the 
LOPD, YOPD patients showed increased metab-
olism in caudate but decreased metabolism in 
putamen. Furthermore, the normalized caudate 
metabolic values correlated significantly with 

DAT binding values of caudate, which further 
corroborated our findings. Taken together, our 
study suggested a relative sparing of caudate com-
pared with putamen in YOPD, which correlated 
with better cognitive function.

Figure 2.  Brain regions exhibiting metabolic differences between (a) YOPD and HC, (b) LOPD and HC, and (c) 
YOPD and LOPD. Regions of increased metabolism are displayed as a red–yellow scale, decreased metabolism 
as a blue–purple scale. The colored stripe indicates the t-value; voxel threshold p < 0.001. Coordinates are 
displayed in Montreal Neurological Institute (MNI) standard space. (d) Normalized regional cerebral metabolic 
rate of glucose (rCMRglc) values of caudate in young onset Parkinson’s disease (YOPD) (blue) were significantly 
higher than in late onset Parkinson’s disease (LOPD) (red) (p < 0.01), both being similar to age-matched healthy 
controls [healthy controls to YOPD (YOHC), green; healthy controls to LOPD (LOHC), yellow]. (e) rCMRglc values 
of putamen in YOPD (blue) were significantly lower than LOPD (red) (p < 0.01), both being significantly higher 
than in age-matched healthy controls (p < 0.01) (YOHC, green; LOHC, yellow). (f) Normalized rCMRglc values of 
caudate correlated well with the average dopaminergic binding in caudate. **p < 0.01. n.s., nonsignificant.

https://journals.sagepub.com/home/tan
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Table 2.  Brain regions with significant metabolic difference between the YOPD patients and age-matched 
healthy controls.

Metabolism Regions BA Cluster Size 
(mm3)*

Z max MNI Coordinatesa

X Y Z

Increased* Left Inferior Frontal Gyrus** 47 429,080 9.69 –18 18 –22

  Right Inferior Parietal Lobule 40 2568 4.11 64 –26 32

  Right Postcentral Gyrus 1 2568 3.78 68 –16 26

  Left Claustrum extended to 
Putamen and Caudate**

/ 429,080 10.71 –36 –10 2

  Right Claustrum extended to 
Putamen and Caudate**

/ 429,080 10.47 38 –6 2

Decreased* Right Cuneus** 17 143,712 7.47 14 –100 0

  Right Middle Occipital Gyrus** 18 143,712 7.46 28 –92 2

  Left Superior Temporal Gyrus 41 5264 4.07 –58 –26 8

  Right Superior Temporal Gyrus 22 1592 4.46 56 –42 8

BA: Brodmann Area; YOPD: Young-onset Parkinson’s disease; MNI: Montreal Neurological Institute; FWE Family-Wise-
Error.
aCoordinates are displayed in MNI standard space.
*Significant at voxel threshold of p < 0.001, extent threshold = 95 voxels (760 mm3), **survived after FWE correction, 
p < 0.05.

Table 3.  Brain regions with significant metabolic difference between the YOPD and LOPD patients.

Metabolism Regions BA Cluster size 
(mm3)*

Z max MNI coordinatesa

X Y Z

Increased* Right Medial Frontal Gyrus 25 31,536 5.07 4 24 –16

  Right Anterior Cingulate 32 31,536 5.77 2 42 0

  Right Caudate / 32,563 5.76 12 8 8

Decreased* Left Insula extended to 
putamen

13 7088 4.73 –32 –12 20

  Right Putamen / 8656 4.55 28 –20 14

BA: Brodmann Area; LOPD: Late-onset Parkinson’s disease; YOPD: Young-onset Parkinson’s disease; MNI: Montreal Neu-
rological Institute; FWE Family-Wise-Error.
aCoordinates are displayed in MNI standard space.
*Significant after FWE correction, p < 0.05, extent threshold = 90 voxels (720 mm3).

Dysfunctional cortico-striato-thalamo-
cortical circuitry in YOPD patients
In 18F-FDG PET, YOPD patients showed hyper-
metabolism in basal ganglia, which was quite sim-
ilar to the previously reported metabolic changes 
in PDRP.23 Compared with LOPD, YOPD 

patients displayed increased metabolism in cau-
date, medial frontal gyrus, and anterior cingulate 
(Table 3). Prior research had illustrated that the 
dysfunction of frontal-striatal circuit, which 
included dopaminergic impairment in caudate 
and metabolic changes in prefrontal lobe and 
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anterior cingulate, contributed to the poor cogni-
tive performances of PD patients.27 Functional 
connectivity studies also supported that collabo-
rative activation of caudate and neocortex is 
essential for normal cognitive status.28 In this 
study, the brain regions detected could poten-
tially be classified as cognition-related brain 
regions. In our patients with cognition tests, the 
YOPD group performed better than LOPD 
patients of similar disease duration in attention 
and executive functions. After adjusting for age 
effects, better attention and executive functions 
could also be found in YOPD (Table 3 and 
Supplementary Table S3). Furthermore, the 
metabolism values in caudate correlated moder-
ately with the scores of CWT-C and TMT-A 
tests (Figure 3). In this regard, unharmed syn-
chrony of frontal-striatal neuronal activity proba-
bly explained the lesser cognitive dysfunction in 
YOPD patients.

In the present study, YOPD patients displayed 
decreased metabolism than LOPD patients in 
putamen. It was reported that YOPD patients 
exhibited more profound damage in striatum at 
the first appearance of symptoms, due to more 
effective compensatory mechanisms.29,30 This 
might partially explain the hypometabolism in 
putamen observed in our study.

YOPD exhibited a different dopaminergic 
disruptive pattern in striatum than LOPD
In the present study, the DAT binding values of 
putamen in the YOPD group were as low as in 
the LOPD group, but the DAT binding values of 
caudate in YOPD were much higher. The less 
impaired caudate than putamen in YOPD could 
be supported by the fact that putamen and cau-
date received different dopaminergic projections 
from substantia nigra. In a microarchitecture study 
of substantia nigra, the dorsal putamen received 
projections mainly from the lateral ventral tier of 
substantia nigra, which is selectively and most 
prominently impaired in PD.31,32 In contrast, 
caudate accepted projections mainly from medial 
lateral part of substantia nigra, which was reported 
to be less severely affected in nondemented PD 
patients.33 The relative sparing of caudate in 
dopaminergic imaging was in accordance with the 
finding that YOPD patients were less likely to 
have cognitive decline,3 and this could be further 

supported by our cognitive data in YOPD and 
LOPD patients.

The greater sparing of caudate than putamen in 
YOPD patients might also be explained by the 
uneven degree of involvement of caudate and 
putamen in the parallel basal ganglio-thalamo-
cortical circuits. Putamen-related motor circuits 
were responsible for motor functions, and disrup-
tion of putamen function correlated well with the 
onset of cardinal motor symptoms34 and motor 
severities,10,35 whereas caudate was more likely to 
be involved in the circuits related to cognitive and 
affective functions.36–38 Patients with caudate 
lesion suffered from cognitive changes, including 
poor planning and sequencing.39 In the current 
study, DAT binding in caudate correlated mod-
erately with TMT-A test scores. In a previous 
cognition study in PD, only the DAT binding in 
caudate but not putamen correlated significantly 
with the Parkinson’s disease-related cognitive 
pattern (PDCP).40 As previously reported, YOPD 
patients had a relatively good cognitive status 
despite more substantial impairment to the motor 
function.3 The dissociations between putamen 
and caudate related circuits and clinical manifes-
tations further supported the uneven disruptive 
patterns in striatum of YOPD.

Dopamine deficiency correlated with 
metabolic anomalies within the striatum in 
YOPD
In the correlation analysis between the two imag-
ing studies, we noticed a modest correlation 
between metabolic values of caudate and DAT 
binding values of caudate. Therefore, we believe 
that the uneven lesion in caudate detected in both 
metabolic and dopaminergic imaging were in 
accordance with each other. Previously, altered 
levels of glucose metabolism was reported to cor-
relate with dopaminergic depletion in the caudate 
and putamen.41 Some studies suspected nigrostri-
atal dopamine deficiency as the cause of abnormal 
synaptic activities within this region,42 and local 
synaptic activity was a reflection of glucose con-
sumption.10,43 In this vein, the modest consistency 
of caudate of both dopaminergic and metabolic 
measurement exhibited by YOPD patients were 
interconnected, supporting the characteristic une-
ven disruptive patterns of striatum in young and 
late onset-related PD subtypes.
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Discrepant degeneration of striatum might 
provide insights for clinical practice
Although there is no well-accepted robust crite-
rion for subtyping PD, the uneven disruptive pat-
terns in striatum of YOPD detected in both 
dopaminergic and metabolic imaging highly sup-
port the necessity to consider the age of onset in 
further clinical trials of novel treatments. We sup-
posed that the uneven injury of caudate and puta-
men between YOPD and LOPD might be related 
to the uneven lesion in cognition and motor func-
tions. Thus, these findings may offer valuable 
information towards developing more precise 
strategies in different onset-related subtypes of 
PD. First, YOPD and LOPD might respond dif-
ferently to treatment for different symptoms. 
Second, functional neuroimaging parameters may 
not be suitable as primary biomarkers without 
controlling for the effects of onset age. In contrast, 
recruiting patients of homogeneous age of onset 
might reduce variability, and may also decrease 
sample sizes with increased statistical power.

Strengths and limitations
In this dual-tracer PET imaging cohort of PD 
patients, we aimed to detect dopaminergic and 
metabolic characteristics of YOPD. In this cohort, 
an analogous metabolic distribution similar to 
that found in dopaminergic system dysfunction 
was reported, which was further supported by the 
correlation analysis. The dual-tracer PET imag-
ing in the same cohort made the disruptive pat-
tern in striatum more acceptable.

Our study detected a series of brain regions 
reported to be involved in cognition function. 
These findings make sense as cognition in YOPD 
is relatively conserved. However, only a subset of 
participants in our study performed the compre-
hensive cognition tests, which might restrict a 
deeper understanding of our imaging findings. 
Some FWE-uncorrected clusters that survived 
only at p < 0.001 but have been previously 
reported were also presented in our study, which 
could be accepted in hypothesis-testing analysis 
but are a bit weak. Although we conducted this 
dual-tracer imaging study, we may have underes-
timated the nondopaminergic pathway, which 
could contribute to some nonmotor differences 
between the two subtypes.44 Another limitation of 
this study was that results of genetic abnormality 
were not included. We admit that genetic factors 
contribute to the cause of YOPD, but the absence 

of genetic data does not undermine the existing 
dopaminergic and metabolic patterns. We are 
conducting ongoing research regarding the genetic 
influence on the onset-related subtypes of 
Parkinson’s disease that will not be discussed here.

Conclusion
This novel dual-tracer study indicated the uneven 
injuries of caudate and putamen between YOPD 
and LOPD in the striatum, basing on the dopa-
minergic and glucose metabolic PET imaging dif-
ferences. These characteristics might be related to 
the uneven lesion in cognition and motor func-
tions between YOPD and LOPD. In conclusion, 
our findings may offer some valuable information 
towards more precise strategies in different onset-
related subtypes of PD in general clinical 
practice.
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